In atomic GdFe 2 films capped by 4d and 5d transition metals, we show that skyrmions with diameters smaller than 12 nm can emerge. The Dzyaloshinskii-Moriya interaction (DMI), exchange energy, and the magnetocrystalline anisotropy (MCA) energy were investigated based on density functional theory. Since DMI and MCA are caused by spin-orbit coupling (SOC), they are increased with 5d capping layers which exhibit strong SOC strength. We discover a skyrmion phase by using atomistic spin dynamic simulations at small magnetic fields of ∼1 T. In addition, a ground state that a spin spiral phase is remained even at zero magnetic field for both films with 4d and 5d capping layers.
Introduction
In the sphere of magnetic memory storage (especially in spintronics), magnetic skyrmions, which are localized topologically protected spin structures, are promising candidates due to their unique properties [1] [2] [3] . Even though skyrmions have long been investigated by simulations such as micromagnetic and phenomenological model calculations [4] [5] [6] , the experimental discovery of skyrmions was came about very recently in bulk MnSi [7] . Since then, researchers have focused on observing stabilized skyrmions experimentally in not only bulk crystals [8, 9] , but also thin films and multilayers [10] [11] [12] [13] [14] .
At room temperature, Neél-type skyrmions with a diameter of ∼50 nm are found in multilayer stacks, such as Pt/Co/Ta and Ir/Fe/Co/Pt [15, 16] . However, to use them in memory and logic devices, a further reduction in skyrmion sizes is necessary. As a result of the decreasing stability of small skyrmions at room temperature, thicker magnetic layers are required to increase stability [17, 18] . For multilayer systems consisting of ferromagnet and heavy metals, interfacial anisotropy and the strength of Dzyaloshinskii-Moriya interaction (DMI) reduces as the thickness of ferromagnetic layer increases. Moreover, the skyrmion Hall effect is a challenge when it comes to moving skyrmions in electronics devices [19] [20] [21] . Amorphous rare-earth-transition-metal (RE-TM) ferrimagnets are one of the potential materials to overcome these challenges. Their Intrinsic perpendicular magnetocrystalline anisotropy (MCA) gives an advantage in stabilizing skyrmions by using relatively thick magnetic layers (∼5 nm) [22] . Another advantage of RE-TM alloys is that the skyrmion Hall effect is largely reduced by the near zero magnetization of RE-TM alloys [23] . Furthermore, in perspective of the applications, all-optical helicity-dependent switching (AO-HDS) has been shown in RE-TM alloys due to its ultrafast switching. Recently, AO-HDS has been demonstrated in RE-TM alloys using a circularly polarized laser. As a result, RE-TM alloys have drawn interest in the field of skyrmions research.
In recent, large skyrmions with diameter of ∼150 nm have been observed in Pt/GdFeCo/ MgO [24] , and skyrmion bound pairs are found in Gd/Fe multilayers [25] . However, further tuning is essential to reduce the size of skyrmions in RE-TM alloys.
In the present paper, magnetic properties such as DMI, MCA, and magnetic phase transition are investigated in atomic GdFe 2 films capped by 4d and 5d transition metals (TMs) using first principles density functional theory (DFT) calculations and atomistic spin dynamics simulations. We recognize that the 5d TMs give rise to a large DMI and strong MCA due to their large spin-orbit coupling (SOC) and orbital hybridization with 3d bands of Fe atom. Firstly, an extended Heisenberg model is studied by using atomistic spin dynamics. Then, we parameterize an extended Heisenberg model from DFT calculations. According to the phase diagram observed at zero temperature, there are phase transitions under externally applied magnetic fields of the order of ∼1 T. The magnetic phase changes from the spin spiral state to the ferromagnetic state via skyrmion lattice, the diameters of isolated skyrmions amount to 6 to 15 nm depending on the capping layers.
Methods
We used DFT as implemented in the Quantum Espresso [26] and Fleur code [27] to investigate the electronic and magnetic properties of GdFe 2 /TMs film. For the TMs capping layers, we have considered Ru, Rh, Pd, and Ag in 4d and Os, Ir, Pt and Au in 5d. For the exchange-correlation potential we adapted the generalized gradient approximation (GGA). The wave functions were expanded by a plane-wave basis set with an optimized cutoff energy of 350 Ry, and the Brillouin zone was sampled via a 12 × 12 × 1 k-point mesh. Different mesh values from 36 to 256 were tested to ensure the precision of our calculations, with the convergence criterion being 0.1 µeV. The convergence with respect to cutoff was also carefully checked. Total energy E(q) is calculated along the paths ofΓ-K andΓ-M which have the highest symmetry among other directions in the two-dimensional Brillouin zone (2D BZ). E(q) with and without SOC [28] are separately displayed in Figure 1 . In the 2D BZ, we characterize spin spiral phase using the wave vector q with a constant angle of φ, where φ is defined as q·R.
In order to examine the magnetically characteristic of GdFe 2 films with TM capping layers, we adopt the atomistic spin model given by References [29] [30] [31] :
By using Equation (1), we can describe the magnetic interactions between two neighbor Fe atoms with spins of M i and M j at sites R i and R j , respectively. Here, m i is defined as M i /µ s . Both energy dispersion curves (with and without SOC) are calculated and fitted to extract the parameters for the exchange interactions (J ij ) and the DMI (D ij ).
We then compute the magnetic state by solving the Landau-Lifshitz-Gilbert (LLG) equation,
Here α denotes the Gilbert damping parameter. When γ is the gyromagnetic ratio, γ represents γ 1 + α 2 . B eff i is the effective magnetic field at site i, and B th i is the thermal noise. The LLG simulations were done with mumax3 [32] . For the present systems we use material parameters obtained from DFT: K = 2-14 meV and D = 0.2-1.6 meV (see Figure 2) . To verify the numerical stability of the simulations, calculations with different cell sizes were performed. Finally, the thin films are discretized in a 400 × 400 × 2 mesh with periodic boundary conditions in in-plane directions. The in-plane lattice constant of 7.32 Å was taken from the experimental lattice constant of Laves phase of GdFe 2 , with lattice mismatches of 3.6% (Rh)-14.2% (Os), as depicted in Figure 3a . From the total energy calculation, it was confirmed that the hollow site is the most energetically favorable to stack the TM layer (see Figure 3) . The atoms of GdFe 2 and TM capping layer were fully relaxed by atomic force calculations.
After structural optimization, the interface distances between the TM capping layer and the GdFe 2 is presented in Figure 3b . As the atomic number becomes larger in the 4d and 5d TMs , the interlayer distances increase monotonically. Induced spin moments of the TMs for TM/GdFe 2 are presented in Figure 3c . The Rh and Ir capping layers, which are the Co-group elements, are found to have the largest moments of 0.98 and 0.80 µ B . For all of the TM/GdFe 2 , the direction of magnetization is favored to perpendicularly orientate to the film plane. Interestingly, the MCA energy and DMI of GdFe 2 films capped by 5d TMs are significantly larger than those of GdFe 2 with 4d TMs. In particular, the Ir-capped GdFe 2 film exhibits the largest MCA energy of 14.1 meV and effective DMI of 1.6 meV. We attribute the substantial enhancement of MCA energy and DMI in GdFe 2 with the 5d capping layer to the strong SOC of the 5d orbitals because the SOC is proportional to the fourth power of the atomic number. Since the 4d also exhibit similar trend with 5d, Rh has the largest magnetic moments and MCA energy among other 4d TMs. This is related to the band-filling effect and orbital hybridization. The calculated energy dispersion E(q) of spin spirals is presented in Figure 1 along the high-symmetry direction,Γ-K for GdFe 2 capped by Rh and Ir which exhibit the largest magnetic moment, MCA energy, and effective DMI among the 4d and 5d TM elements, respectively. In the results without SOC, a minimum point of the energy dispersion is observed at theΓ point, and it degenerates for right-(q > 0) and left-rotating (q < 0) spirals. For both Rh-and Ir-capped films, it is confirmed that the out-of-plane direction is an easy magnetization axis due to SOC (see Figure 2a) . As a result of imperfect inversion symmetry at the interface, the SOC for spin spirals derives DMI in system [33, 34] . Therefore, DMI leads to non-collinear spin structures with the magnetic moments on an oblique angle. In case of the inclusion of the DMI, the E(q) has the lowest value for a homogeneous cycloidal flat spin spiral state with a particular rotational sense [35] . As presented in Figure 1 , an energy minimum of −0.50 meV/atom and −0.35 meV/atom compared to the ground magnetic state appears for a right-rotating spin spiral for GdFe 2 films with Rh and Ir capping, respectively. A skyrmion can be considered to be an intermediate state between spin spiral state and ferromagnetic state in a magnetic material because it rises from the competition between the exchange interaction that is responsible for the ferromagnetic state and the anisotropic exchange that generates spin spiral behavior. To investigate the magnetic phase transitions in GdFe 2 /Rh and GdFe 2 /Ir under the external magnetic field at 0 K, we have performed atomistic spin-dynamics simulations using the model described by Equation (1) . Using the parameters obtained from DFT, the magnetic phase diagrams is displayed in Figure 4a ,b. For both films capped by Rh and Ir, the ground magnetic state is a spin spiral consistent with the energy minimum at zero applied magnetic field. However, for the film capped by Rh, the skyrmion lattice is energetically stable at a critical field value of ∼1.12 T, and this skyrmion lattice phase is changed to the ferromagnetic phase by a larger critical field value of ∼2.25 T. For the film capped by Ir, the skyrmion lattice emerges at relatively weak field of 0.75 T, and disappears for a large filed of ∼1.74 T. In our simulation, the spin structure is relaxed using spin dynamics. As shown in Figure 4c , skyrmions with a diameter of ∼2-4 nm emerge under external magnetic fields of 1-2 T for both Rhand Ir-capped GdFe 2 . The size of skyrmions decreases rapidly with the increasing value of applied magnetic field. For deeper insights into the skyrmion size, the diameter has been computed for isolated single skyrmions in two different ways: (i) Using the fixed MCA energy and exchange constants obtained from DFT calculation but varying the DMI value; (ii) using fixed DMI obtained from DFT but varying the MCA. From these calculations we confirmed that the skyrmion size decreases with reduced DMI but it expands with reduced MCA.
Conclusions
The creation of extremely small, isolated and stabilized skyrmions of sizes of few nanometers in GdFe 2 films can be predicted by 4d and 5d TMs capping. While the atomistic spin model behavior was studied by spin dynamics simulations, first-principles parameters were obtained from density functional theory calculations. For future experimental work, this simulation work guides us in the exploration of novel skyrmion systems.
